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The spectrum of the SU(2) flavor baryons is studied in the frame of a relativistic chiral quark 
potential model based on the one-pion and one-gluon exchange mechanisms. It is argued that the 
N* and A* resonances appearing in the nN scattering data and strongly coupled to the ttN channel 
are identified with the orbital configurations (lSi/2) 2 (nlj) with a single valence quark in the excited 
state (nlj). Based on obtained selection rules we show that it is possible to construct a schematic 
periodic table of baryon resonances, consistent with the experimental data. 

The numerical estimations for the energy positions of the Nucleon and Delta baryons (up to and 
including F-wave N* and A* resonances), obtained within the field-theoretical framework by using 
time ordered perturbation theory, yield an overall good description of the experimental data at a 
level of the relativized Constituent quark model of S. Capstick and W. Roberts without any fitting 
parameters. The only free parameter of the linear confinement potential was fitted previously by 
Th. Gutsche to reproduce the axial charge of the Nucleon. However, Nucleon ground state and 
some of the radially excited baryon resonances (including Roper) are overestimated. Contrary, all 
the orbitally excited N* and some of the A* resonances are underestimated. At the same time, the 
remaining four Nucleon and five A states including A (1232) are well reproduced. 

At higher energies, where the experimental data are poor, we can extend our model schematically 
and predict an existence of seven N* and four A* new states with larger spin values. 

PACS numbers: 11.10.Ef,12.39.Fe,12.39.Ki 



I. INTRODUCTION 



It was believed during the long period that the baryon spectrum can be described with a good accuracy in the 
Constituent Quark Models (CQM) based either on the Goldstone-boson exchange (GBE) [lj, or one-gluon exchange 
(OGE) [3, 0] or (and) instanton induced exchange (HE) Q mechanisms between non-relativistic constituent quarks. 
However, there are still some serious problems within this framework which cannot be avoided until now. The most 
important issue is the problem of " missing resonances" : the CQMs predicted too many states even at low energies 
which are not observed at the experimental facilities 043 ■ The situation is so serious, that " a modern view questions 
the usefulness of quarks to describe the nucleon excitation spectrum" 0]. 

Fortunately, there are also strong optimistic views on the problem. The recent review [|| shows all the difficulties 
in baryon spectroscopy and concludes that the all photo-, pion- and hadron-induced reactions will be important to 
understand the excited baryon spectroscopy. From the theoretical side, essential developments are being done in the 
Lattice QCD [8|, Dyson- Schwinger equations [lfj, effective field-theoretical methods pdH13| and in the theoretical 
coupled channel approaches to meson-baryon scattering within the Juelich [3] and Sato-Lee [l5j] models. 

Although the relativistic chiral quark models [l6l - [2fj | have been developed during the long period, there are no 
study of the excited baryon spectrum within these approaches in the literature. Since the chiral symmetry plays a 
special role for the hadron structure, it is important to probe these models in the excited baryon spectroscopy. 

In (2l| - [23| we have developed a relativistic chiral quark model for the lower excitation spectrum of the nucleon and 
delta. The splitting of the Roper resonance from the N(939) was reproduced with a reasonable accuracy. The model 
was tested firstly in Ref. [24[ for the study of the Nucleon charge form factors, then in Ref. [1^, [26| for the study of 
the nucleon properties such as mass, charge radius, magnetic moment, axial charge and reasonable agreement with 
the experimental values was obtained. 

The model is based on an effective chiral Lagrangian. Quark wave function is obtained from the solution of the 
Dirac equation with a Cornell type potential containing a linear confining term and a Coulomb part due-to short 
range gluon field correlations. All the model parameters of the model, except one are fixed from the Lattice study 
of previous authors [27|, 28]. The only free parameter of the model is the so-called "mass term" in the confinement 
potential, which was fitted in Ref.[26| to reproduce the axial charge of the Nucleon. The calculations are done at one 
loop or at order of accuracy o(l//|, a s ). 

The aim of present paper is to extend the relativistic chiral quark model to the higher excitation spectrum of SU(2) 
flavor baryons. Firstly we want to check, whether the relativistic chiral quark model can help to understand the 
systematics of the excited Nucleon and Delta states and an orbital structure of each baryon state. Based on selection 



rules obtained from one-pion and one gluon exchange mechanisms between valence quarks, below we will show that it 
is possible to construct a periodic table, where each excited Nucleon or Delta state can be identified with an orbital 
configuration (IS) (nlj) with a single radially or/and orbitally excited valence quark. 

Secondly we will estimate the excited Nucleon and Delta spectrum in the present model with taking into account 
second-order perturbative corrections due-to the pion and color-magnetic gluon fields and compare with the experi- 
mental data. 

The relevant suggestion is that the results of our study can be reproduced in any chiral quark model describing the 
baryons as bound states of three valence quarks with a Dirac two-component structure and surrounded by the cloud 
of 7r- mesons, as required by the chiral symmetry (29j . 

In Section 2 we give the main formalism of the model. The numerical results are presented in Section 3, and final 
conclusions are given in Section 4. 

II. MODEL 
A. Basis formalism 



The effective Lagrangian of the model C(x) (see [25|, [30j) contains the quark core part Cq(x), the quark-pion 

Cr (x) and the quark-gluon Cj\x) interaction terms, and the kinetic parts for the pion C v (x) and gluon C g (x) 
fields: 

£(x) = C Q (x) + C { r\x) + C\ q9 \x) + C n (x) + C g (x) 



${x)[i - Sir) - 7 ( V(r)]^(x) - l//^[S(r) l7 5 T>^ 
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g^r-ip + Mi? - ^rnltf - -G^. (1) 



Here, ip(x), <f>i,i = 1,2,3 and A a ^ are the quark, pion and gluon fields, respectively. The matrices r l (i = 1,2,3) 
and X a (a = 1,...,8) are the isospin and color matrices, correspondingly. The pion decay constant f n =93 McV. In 
the model, the chiral symmetry violated through the quark confinement mechanism is restored with the help of the 
linearized cr-model. The mass term for the pion field is introduced in order to satisfy the PCAC theorem [31j, which 
is consistent with the Goldberger-Treiman relation. 

We use the Cornell type potential in the Dirac equation for the single quark states in accordance with the Lattice 
QCD theory. The scalar part of the static confinement potential is given by 

S(r) = cr + m (2) 

where c and m are constants. The strength parameter c of the confinement potential is defined from the Lattice study 
(27j . while m is the only free parameter of the model which can be fitted to reproduce the axial charge gA of the 
proton (and the irNN coupling constant via the Goldberger-Treiman relation). 

At short distances, transverse fluctuations of the string are dominating (32j, with an indication that they transform 
like the time component of the Lorentz vector. They are given by a Coulomb type vector potential (the so called 
Luscher term) as 

V(r) = -a/r (3) 

where a = n/12 is defined from the QCD Lattice study p8| . 

The quark fields are obtained from solving the Dirac equation with the corresponding scalar plus vector potentials 

[iVfy - S(r) - ^Vir)]^) = (4) 

The respective positive and negative energy eigenstates as solutions to the Dirac equation with a spherically symmetric 
mean field, are given in a general form as 

u a {x) = ( _ 9 ij r }^) ® Xm t Xm c exp(-iE a t) (5) 

MX) = ( J^] ^ ) yp (£) Xm t Xrn c exp{ + lEpt) (6) 
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The quark and anti-quark eigenstates u and v are labeled by the radial, angular, azimuthal, isospin and color quantum 
numbers N, k, TUj, mt and m c , which are collectively denoted by a and /3, respectively. The spin-angular part of the 
quark field operators 

yp (£) - [Yi (f) ® Xi/2] m 3 = |«l - 1/2- (7) 
The quark fields ^> are expanded over the basis of positive and negative energy eigenstates as 

i/j(x) = y]u a (x)b a +y]vp(x)d' g . (8) 

a p 

The expansion coefficients b a and dt are operators, which annihilate a quark and create an anti-quark in the orbits 
a and /3, respectively. 

The free pion field operator is expanded over plane wave solutions as 

/d? k 
(2co )i/2 l a jkexp{-ikx) + al k exp(ikx)] (9) 

with the usual destruction and creation operators ajk and a^ k respectively. The pion energy is defined as 

ujk = \/k? + m\. The free gluon field operators is expanded in the same way. 

In denoting the three-quark vacuum state by |0 >, the corresponding noninteracting many-body quark Green's 
function (propagator) of the quark field is given by the customary vacuum Feynman propagator for a binding potential 

M- 

iG{x,x') = iG F (x,x') =< 0\T{4>(x)i>(x')}\0 > = ^u a (x)u a {x')6{t ~ t') + ^v {x)vji{x')O{t' - i) (10) 

a 

Since the three-quark vacuum state |0 > does not contain any pion or gluon, the pion and gluon Green's functions 
are given by the usual free Feynman propagator for a boson field: 

iA^x-x') =<O\T{4 >i (x)0 j (x')}\O>= iSij f 7^4t2 \-— exp[-ik{x - x')\ , (II) 

J (27r) 4 At — m~ + te 



iA% v \x-x') =<0\T{Al(x)A b v (x')}\0>= i5 ab g^ J fc2 l + fe exp[-ik(x - x')] , (12) 

(in the Coulomb gauge), where g^ v — S^g^, g 00 = —g 11 = —g 22 = —g 33 = 1 ■ 

On the basis of the effectiveljagrangian and using the time-ordered perturbation theory within the frame of many- 
body quantum field theory fH) we can develop the calculation scheme for the excitation spectrum of the Nucleon 
and Delta. At zero-th order the quark core result (Eq) is obtained by solving Eq.Q for the single quark system 
numerically by using the harmonic oscillator basis. Since we work in the independent particle model, we assume 
that the bare three-quark state of the S'J7(2)-flavor baryons corresponds to the structure (1S 1 /2) 2 {nlj) with a single 
excited valence quark in the non-relativistic spectroscopic notation. Below, on the basis of the one-pion and one- 
gluon exchange mechanisms we will argue that such a configuration of the three valence quarks is identified with the 
baryon resonances decaying strongly into the tt + N channel. And contrary, the baryon states with more than one 
valence quarks in excited orbits do not have a strong coupling into this channel. In other words, all baryon resonances 
appearing in the ttN scattering data can be identified with the above orbital configuration containing a single excited 
valence quark. This is why we fix the excited baryon configuration as {ISim) (nlj)- The corresponding quark core 
energy is evaluated as the sum of single quark energies with: 

E Q - 2E(lS 1/2 ) + E(nlj) (13) 

The second order perturbative corrections to the energy spectrum of the SU(2) baryons due to the pion (AE^') 
and gluon ( A£<») fields are calculated on the basis of the Gell-Mann and Low theorem : 

AE =< $ |^i-A- i5{t 1 )d i x 1 ...d i x n T[U I {x 1 )...n I {x n )]\^> c (14) 
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with n — 2, where the relevant quark-pion and quark-gluon interaction Hamiltonian densities are 

n { r ] (x) = ^{x)^f${x)S{r)^x), (15) 

Jir 

H\ q9 \x) = g s i;(x)A«(xh^(x) (16) 

The stationary bare three-quark state |$o > is constructed from the vacuum state using the usual creation operators: 

|*o > aPy =b+b+b+\0>, (17) 

where a, j3 and 7 represent the quantum numbers of the single quark states, which are coupled to the respective 
baryon configuration. The energy shift of Eq. (fT4)) is evaluated up to second order in the quark-pion and quark-gluon 
interaction, and generates self-energy and exchange diagrams contributions. In the self-energy diagrams a single pion 
or gluon is emitted and absorbed by the same valence quark, which however can be excited to an intermediate quark 
or anti-quark state. In the second order exchange diagrams a single pion or gluon, emitted by a valence quark is 
absorbed by another valence quark of the SU(2) baryon. 



B. Center of mass corrections 



The result for Eq in Eq. ([T^]) contains an essential spurious contribution of the center of mass motion to the energy 
of the baryons. A covariant way of the separation of the CM motion is possible in non-relativistic models. In the 
nonrelativistic three nucleon system the energy is reduced by factor about 1/3 after the separation of the CM. At the 
same time different approaches are being used in relativistic mean field models. 

For the ground state nucleon and delta baryons we use the development of the Ref. [34] . where three different 
approximations have been used, which estimate corrections for the center of mass motion: the R = (35[, P = 
[36j | and LHO (37| methods. In all three methods the baryon wave function is rewritten in the Jacobi coordinates in 
the center of mass system as $s(r, p, R), where r, p and R are relative coordinates between the two valence quarks, 
between 3-valence quark and the center of mass of the 1+2 quarks, and the center of mass of the all three quarks, 
respectively. 

In the R=0 method the baryon wave function in the CM system is multiplied by the plane wave of the CM motion: 

^R(fl,fi,r% P) = N R ex P {iP • i?)$ B (r, p, R = 0). (18) 
The second P=0 method is based on the Fourier transformation of the baryon wave function: 

®p(r[, f 2 , r-3, P) = N P exp(iP ■ R) J exp{-iP ■ R')$ B (r, p, R')dR'. (19) 

The lowest harmonic oscillator (LHO) method is based on the projection of the baryon wave function on the lowest 
harmonic oscillator state: 

$LHo(fi, r 2 , ra, P) = N LHO exp{iP ■ R) J R Qs {R')^ B {r, P, R')dR'. (20) 
The factors Nr, Np and Nlho differ each from other and are found from the normalization conditions: 

< $(rl,rl,ri,F)|$(rl,^,r3,P') >= (2ir) 3 5(P - P'). (21) 

In all of the three methods, the average kinetic energy and mass terms of the three-body system are estimated by 
using angular momentum algebra and numerical methods (see Ref. [34] for details). 

For the excited nucleon and delta states we use a linear approximation based on the CM corrections of the ground 
state nucleon and delta. Similar estimation was used in the bag model [38J . This way is based on the statement that 
the CM correction does not affect any level ordering in the excited baryon spectrum and it must be at the same order 
for the both ground and excited baryon states [26j j . The linear coefficients are found from the equation 

kcM = Eq{CM)/Eq, (22) 

where Eq(CM) is the CM-corrected quark core energy of the ground state nucleon, estimated by one of the above 
three methods, Eq is the initial nucleon ground state quark core energy in Eq. (ll3[) . By using the same relation 
and using the value of the linear coefficient fixed from the ground state nucleon and delta, we can estimate the CM 
corrected quark core energy for the excited nucleon and delta states. 



4 



C. Self-energy diagrams contribution 



The self-energy terms contain contribution both from intermediate quark (E > 0) and anti-quark (E < 0) states. 
These diagrams describe the processe when a pion or gluon is emitted and absorbed by the same valence quark which 
can be excited to the intermediate quark or anti-quark states. 

The pion part of the self energy term (pion cloud contribution) (see FigQ] ) is evaluated as 



1 3 
" 2 f2 E E 

Jn a=la'<a f 



d 3 p 
(27T) 3 p 



with Pq = p 2 + m 2 . The q — q — tt transition form factors are defined as: 



KAP) = J d 3 xu a {x)T a {x)u al {x)e- ii!S 
Vp a >(p)= I d 3 xv fj {x)T a {x)u al {x)e-^ 3 



The vertex function of the 7r — q — q and tt — q — q transition is 

T a = 5(r) 7 5 r a / c , 



(23) 

(24) 
(25) 

(26) 



where I c is the color unity matrix. The expression of the tt — q — q transition form factor has been derived in Ref.[22] 



drr 



g a (r)f a '{r) +g a >(r)f a (r) S(r)ji n {pr) 



Y ln 3 3 {p)F{l ,1' ,l n ,j,j' .m^m'j) < m t \T a \m' t >< m c \I c \m' c > . 
The Hermitian conjunction of the transition form factor 

V:+,(p) = [drr 2 [g a (r)f a ,(r)+g a ,(r)f a (r)]s(r)j ln (pr) 

Y{™ j ~ mi) * (p)?^ ,l\l n ,j,j' ^m^m^) < m' t \T a \m t >< m' c \I c \m c > 



(27) 



(28) 



After integration over the angular part in Eq. (17), the self-energy diagrams contribution to the baryon spectrum 
induced by pion fields is evaluated as: 



AE M = 



1 



ct'<a.F l n 



dpp 2 Y^/v^ U ' drr2G <*a>(r)S{r)j ln (pr)} 2 . . 

2^ 2^)2^ E a -E a ,+ Po Wsel ' , n,3,J ' 

a 

4- E +E a ,+ Po Qs. e .{l,l,ln,J,j)h 



(29) 



where ji n is the Bessel function. The radial overlap of the single quark states with quantum numbers a 
(N, l,j, rrij, m t , m c ) and a' is defined as 



G aa '{r) = f a (r)g a '{r) + f a '(r)g a (r). 
The angular momentum coefficients Q arc evaluated for all SU(2) baryons as 

.1 



Qs.e.Q,l',ln,j,f) = 12Tr[l ± }[l n }\j] 



E E 

rrij m'^af 



c 



jrrij l n (nij — rrij) 



(30) 



(31) 



where C and W are the Clebsch-Gordan and Wigner coefficients, respectively. 

The gluon part of the second order self-energy diagrams (gluon cloud) contribution is estimated in a similar way as 



E a , +p 



Eft + E a , +p 



(32) 
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FIG. 1: Second order self energy diagrams induced by 7r— meson fields 



where the transition form factor is evaluated with the corresponding vertex matrix 

,A_ Q 
~2 

with the isospin unity matrix I t . 



r« = r—h (33) 



V aa'(P) = ^o I d 3 xu a (x)^-I t u a i(x)exp(-ipx) + <5 M fc / d 3 xu a (x)^-I t akU a '(x)exp(-ipx) (34) 



The last expression is convenient for the estimation of the exchange diagrams. 

For the self-energy diagrams we use an alternative expression of the transition form-factors. Putting the quark 
wave functions with further integration over the radial part of the spatial coordinate one can write for the transition 
form-factor next equation: 



Inmn LL 1 7ni J m' L m s m / s 



■ J r 2 R a ^, {r)ji n (pr)dr < m t \I t \m' t >< rody K >, (35) 



where the spin transition matrices 



and 

^m 3 m' s = £ ^ kk ' ( ^'l<Wl/2<W s (-l/2) + ^'(-l)^TO,(-l/2)^m' s l/2 + 2TO s <5fc' <5m 3 r, 
k'=±l,0 

with the only nonzero expansion coefficients = h\ -\ = h^ Q = 1, and /i2,+i = — ft>2,— l = — i ■ 

The radial functions are defined as 

R%° Ll ( r ) — S^fiSuSL'l'(gaga> + fafa') + iSfj,.k{SLlS L 'l'±gafa' ~ Sl'I' §Ll± got' fa) 

The corresponding Feynman diagrams are given in Figl^l where the contribution from intermediate quark and 
anti-quark levels have opposite signs. 

After evaluation of the transition form-factors and integration over angular variables, the self-energy term induced 
by gluon fields can be written as a sum of color-electric (Coulomb) and color-magnetic parts (see Ref.|22]): 



9l V- V- V- U ,([L][L*^ 1/2 



a wis) - ys \ " u i I krikr J \ r L 'o r L "o 

se ' _ 3^2 ^"-1 I I °lo;„o°l*oz„o 

N'l'j' (a,p) LL'L*L"l n ^ l il 
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XX x a" mjm j 

dlLL*Oi> L > L >*di n iA LL , L , L „ ln 



[Raa'ln (?) + F aa 'l n (P)? pdp „ f [Rpa'lM + Fp a >lM} 2 pdp 



E a - E a > +p 



E +E al + p 



jj m j m i _ jj m jmj jj m jmj 

LL' L* L'*l n U LL'L'L'*l rl + LL' L* L'*l n 



dpp 



E a - E a > +p 



Raa'l„LL> L* L' 



dpp 



Ef3+E a , +p 



HjSa'^LL'L'L' 



where we define function 



Raa'l n LL'L*L" = Raa 1 'l n LL< L* L" (p) 



and radial integrals 

H aa >i n = H aa 'l„(p) = I dr [r 2 fa'(r)g a {r)ji n (pr)] , 



(36) 



(37) 



R aa 'i n = R aa 'l n (p) = / dr [r 2 g a > (r)g a (r) j in (pr)] 



F aa 'i n = F aa 'i n (p) = / dr [r 2 f a >(r)f a (r)j ln (pr)] . 
The angular momentum coefficients A, B, T> and £ can be found from Appendix C of Rcf. [21 
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FIG. 2: Second order self energy diagrams induced by gluon fields 



D. Exchange diagrams contribution 

The pion exchange contribution to the baryon energy-shift (see Figj3] ) is evaluated as: 
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By using the Wick's theorem we can write a more convenient expression for the energy shift of the SU(2) baryons 
from the second order pion exchange diagrams: 



where 



U ln (p) =< ^ B \J2r(i)mTin(i)T ln (j)K ln (i)K+{j)\^ B > 



(40) 



(41) 



and the operators f , Ti n and Ki n are summed over single quark levels i ^ j of the SU(2) baryon. In the quark model, 
the baryon wave function |$s > is presented as a bound state of three valence quarks in the orbital configuration 
(lS) 2 (nlj), and it can be written down commonly as 



S 



\$R > = 



\Mri)^(r2)^(r 3 )yj M (xix 2] x 3 ) > | X ^ Mt (12;3) > 



TM T (T ) 



\ap 7 >(J T ) = \a(3-n>jZ T { X; 



b 



1X^123) >, 



where Jo and To are intermediate spin and isospin couplings of the two S-wave valence quarks, respectively. They 
satisfy the symmetry requirement So = T . The states ip are the single particle states, labeled by a set of quantum 
numbers a, j3 and 7, excluding the color degree of freedom. 
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FIG. 3: Second order ir— meson exchange diagrams 
The operator Ti n in equation (|4"Tj) is the radial integration operator: 



<a\Ti n \j3>= J 



dr 



with 



G aa >{r) = f a (r)g a ,(r) + f a >{r)g a (r). 



(42) 



(43) 



where a — (N, l,j, rrij, m t , m c ) and a' are two sets of the single quark quantum numbers. The matrix elements of the 
operator Ki n are given by 



<a\K l JP>=-(47T[l ± (a)][l n Ma)]\ ' cg? ( L° )0W) 



j(a)mj (a)l n (m(f3)—m(a))'' 



(44) 
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and the Hermitian conjunction 



<a\K+\0>=<0\K ln \a>, 

where j(a),l(a),l ± (a),m(a) are the quantum numbers of the single quark state < a\. 

The contribution of the second-order gluon-exchange terms to the baryon spectrum (see FigHI) is given by 



d 3 p 
(2tt) 3 p 2 



a^jLV a<.ap ct' "Cap 

By using the Wick's theorem we can write more convenient expression for this equation 

oo 

AE&> = -£ J dp ^ Qi nmn (p) 

Q l n m n 

with the corresponding color-electric (Coulomb) and color-magnetic parts: 



(45) 



(46) 



< 



(47) 



The operator is the radial integration operator with the factor ji n (pr). The operators Fi ninn (i) and i*j + m (j) 
are the angular integration operator with the factors Yi nmn (xi) and Yi* m respectively. All these operators are 
summed over single quark levels i ^ j of the SU(2) baryon. 
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FIG. 4: Second order gluon-exchange diagrams 
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E. Selection rules for the quantum numbers of the excited TV* and A* states 

Now we begin to analyze the excited N* and A* spectrum based on the relativistic description of one-pion and 
one-gluon (color magnetic part) exchange mechanisms. These exchange operators, as was found in Ref.[22|, couple 
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the upper and lower components of the two interacting valence quarks, respectively. Based on this fact we can derive 
the selection rules for the quantum numbers of the baryon states with the fixed orbital configuration. 

Let us to fix the orbital configuration as (lSi/ 2 ) 2 (nlj), with the intermediate spin coupling So = S1 + S2 = 1/2 + 1/2 
of the two 15-valence quarks, where the last valence quark (nlj) can be in the ground or an excited state. The upper 
and lower Dirac components of the last excited valence quark have orbital momenta I and I' = I ± 1, respectively. Our 
choice of the above orbital configuration is close to the limitation in the diquark-quark models |39j |. where some of 
the degrees of freedom are "frozen". The corresponding baryon states are different from members of the SU(6)<8>0(3) 
multiplets in the Constituent Quark Models. 

The first two selection rules come from the coupling of the three valence quarks into the SU(2) baryon state with 
total momentum J and isospin T: 

So + j = J 

So + 1/2 = f, (48) 

where the symmetry property of the two S-quark coupling was used. The third rule comes from the pion exchange 
mechanism between the excited valence quark and the 15 quark. This mechanism couples the upper (lower) component 
of the IS* valence quark with the lower (upper) component of the excited (nlj) valence quark. Since the upper 
component of the S-quark has zero orbital momentum, then for the orbital momentum of the exchanged pion we 
derive the equation 

L n = I' = I ± 1 (49) 

The final selection rule is based on the assumption that the coupling of the last valence quark with quantum 
numbers (nlj) to the IS* quark plus pion is the main component of the strong coupling of the excited baryon state to 
the AT(939) + tt: 

L n + 1/2 = f (50) 

With this assumption, Eq. (|49|) can be used for the identification of the baryon resonance in the 7r./V-scattering process. 
Namely, when I' = we have S-wave nucleon and delta resonances, when I' = 1 we have P-wave resonances, etc. 

An important consequence of the obtained selection rules is that all the N* and A* resonances appearing in 
the nN scattering process and coupling strongly to the irN channel are identified with the orbital configurations 
(lSi/ 2 ) 2 (nlj) with two valence quarks in the ground state and a single valence quark in an excited state. A baryon 
resonance corresponding to the orbital configuration with two valence quarks in excited states (lSx/2)(nlj)x(nlj)% 
couples strongly to the 7T7riV-channel, but not to the 7riV channel. 

Using the obtained selection rules it is very natural to analyze schematically the excited nucleon and delta spectrum. 
For the fixed orbital configurations (lS\/2) 2 (nlj) with the intermediate spin coupling of the two S— wave quarks So = 
(the so-called instanton channel), Eq. p5|) allows only a single N* state with J = j and no any A* resonances. 

Except the case, when the last valence quark is in the Pi/ 2 orbit, the intermediate coupling So = 1, due-to 
the selection rule Eq. ([50| yields two resonances in the both nucleon and delta sectors with the total momentum 
J = L w ± 1/2. In this way one of the N* resonances defined by the selection rules in Eg. (14"81 with J = j + 1 or 
J = j — 1 is ruled out. When the last valence quark is in the P\i% orbit, i.e. has the lower S-component, the selection 
rules yield L v = and J = 1/2, and consequently, only single S-wave resonances in the both nucleon and A sectors 
are allowed. 

Thus, for the fixed (lSi/ 2 ) 2 (nlj) orbital configuration with (nlj) 7^ (nPx/i) there must be a band of three N* 
and two A* resonances. The lightest N* state corresponds to the intermediate spin coupling So — due-to strong 
attraction in this "instanton channel". The other two N* , as well as the two A* resonances correspond to the spin 
coupling So = 1 and must be close each to other. 

In the case when the last quark is in the P\/2 orbit, there is a band of two N* states (not close each to other) and 
a single A* resonance appearing in the S-wave of the irN scattering. 



III. NUMERICAL RESULTS 



A. Condition of the calculations 



In order to account for the finite size effect of the pion, we introduce a one-pion vertex regularization function in 
the momentum space, parameterized in the dipole form as 
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We fix = 1 GeV in our calculations. Contrary to the bag-model calculations, the above regularization is used not 
for the solution of the convergence problem of the quark self-energy. This was explicitly shown in Ref. [25| and [23| 
for the lowest valence quark states. As is known from Ref.[l8|, the convergence of the quark self-energy is a serious 
problem in the bag models. 

As was noted above, the strength c = 0.16 GeV 2 and Coulomb a = tv/12 ps 0.26 parameters of the Cornell potential 
are fixed from the flux-tube study [32j and lattice calculations [13, [HI]- However, it is useful to note that the above 
value of the strength parameter was already probed long times ago in Ref. [26| . The only free parameter of the model, 
to of the confining potential was chosen as m=60 MeV to reproduce the correct axial charge of the proton qa — 1-26 
(and the empirical pion-nucleon coupling constant G 2 rArAr /47r = 14 via the Goldberger-Treiman relation). It yields 
a reasonable value for the quark core RMS radius of the proton 0.52 fm (see 26]). The strong coupling constant 
g 2 = Aita s with the value a s = 0.65. 

In Ref. f26[ by examining the different model parameters the sensitivity of the Nucleon energy on the description 
of the static properties of the proton has been examined. It was found that a larger value of the strength parameter 
c of the confining potential yields a smaller value for the proton RMS radius. 

Stating that the Coulomb like term of the Cornell potential V(r) = —a/r is actually due-to the color electric com- 
ponent of one-gluon exchange mechanism, we need to avoid a double counting of these components in the calculations 
of gluon loop corrections to the baryon mass spectrum. This is why we have restricted our study to the color-magnetic 
component of the one-gluon exchange forces together with one-pion loop corrections. 

In Ref.[23J we have demonstrated explicitly a convergence of the self-energy for the valence quarks in the lowest IS, 
2S, IP1/2, I-P3/2 orbits induced by the pion and color-magnetic gluon fields. The total momentum of the intermediate 
quark and anti-quark states increases from j = 1/2 up to j = 25/2, while their radial quantum numbers grows up to 
n = 20 in order to reach convergent results. 

We have obtained convergence of the self-energy also for the excited valence quark states in the orbits 3S, 2P 1/ / 2 , 
2P3/2, ID5/2, which are included into the structure (IS) (nlj) of the excited baryons in present study. 

By summing the self energies of the three valence quarks in the excited (IS) 2 (nlj) nucleon and Delta states, we 
can estimate the contribution of the self-energy terms to the excitation spectrum of the SU(2) flavor baryons. 



B. Ground state Nucleon spectrum 

In Table 1 we give the mass values for the g.s. N(939) with and without CM correction in three different methods: 
the R=0, 35], P=0 [36[ and LHO [37} • All these methods were firstly examined in Ref. [34]]. As we can see from the 
Table, they agree within 50 MeV for the ground state Nucleon. 

The pion loop diagrams yield positive contribution to the baryon mass-spectrum due-to self-energy term. For the 
ground state Nucleon it is 200 MeV. 

For the gluon field contributions we probe two different ways. In the first case we include the contribution of all the 
intermediate quark and antiquark states up to convergence with j =25/2. The corresponding results are given in the 
3-row of Table 1, they increases the Nucleon mass by 109 MeV. In the second case a restriction of the intermediate 
states to the ground IS quark state is used when estimating the self-energy (1=0). The second approximation is 
based on the short-range character of one-gluon exchange forces. The corresponding energy shift for the ground state 
Nucleon is now negative (-127 MeV). However, after including the center of mass corrections, the Nucleon mass is still 
overestimated by about 100 MeV. In principle, we can fit the strong coupling constant a s to reproduce the N(939) 
mass value, but first we have to check the excitation spectrum of the SU(2) flavor baryons. Thus, from the results in 
Table 1 we can conclude, that the second way, when the short-range character of one-gluon exchange forces is taken 
into account, is most favorable. 



We note that the agreement within 50 MeV of the three R=0 [35j, P=0 [36] and LHO [37J methods for the CM 
correction is reasonable. Moreover, these three methods always give corrections with systematic differences. Namely, 
the LHO method always yields correction larger than the P = method, but smaller than the R = method (see 
Ref. 22]). The values of the linear coefficient for the CM-correction in Eq. (|2"2"|) for these three methods are 0.548 
(R=0), 0.574 (P=0) and 0.563 (LHO). Thus, we can fix one of these methods (LHO) and go to the excited sector. 



C. Spectrum of the SU(2) flavor baryons 

In Table 2 we compare our numerical estimations of the excited N* and A* spectrum within the developed schematic 
periodic table with the last experimental data from @ and Qj. The calculations were done up-to and including F- 
wave baryon resonances in the frame of the developed chiral quark model. In the Table we give the center of mass 
(CM) corrected quark core results (zero order estimation) (second column) together with the second order pion 
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field contributions corresponding to the self energy (3-th column) and exchange diagrams (4-th column). The 5-th 
column contains results for the quark core plus pion loop corrections. Next 6-th and 7-th columns correspond to the 
contributions of the self-energy and exchange terms of the color-magnetic one-loop diagrams. The final theoretical 
estimations are given in the 8-column with the strong coupling constant a s — 0.65. As was argued above, due to 
the short range character of the gluon exchange forces between valence quarks, we restrict our calculations of the 
color-magnetic self-energy terms to the case, where the intermediate quark is the same initial and final quark. 

Based on obtained selection rules first we will show the assignment of the excited baryon states presented in the 
data from Ref.|6J with corresponding orbital configurations. Let us to fix the orbital configuration (lS , 1 / 2 ) 2 (?'i>S'i/2)- 
In the data there are four N* with J 71 " = 1/2+ ( Pn resonances) and two N* with J 71 " = 3/2+ ( P13 resonances). 
With the above rules, we can find easily that A r *(1440), iV*(1710), and A*(1720) resonances belong to the orbital 
configuration (15 , i/2) 2 (2S'i/2) with the radially excited 25 valence quark state, while the other three N*(1880), 
iV*(1900) and A^*(2100) resonances correspond to the orbital configuration (15i/2) 2 (3S'i/2). In the A sector there are 
two resonances with J 71 = 3/2+ at 1600 MeV and 1920 MeV, and two states with ,F = 1/2+ at 1750 MeV and 1910 
MeV which belong to the orbital configuration with the radially excited valence quark in consistence with our results. 

The orbital configuration (l<Si/2) 2 (l-D3/2) is not presented in the data, since it would give two N* resonances with 
J v = 3/2+ and a single N* resonance with J 71 " = 1/2+ . 

For the orbital configurations (lSi/ 2 ) 2 (nPi/2) there are four nucleon and three delta resonances with J 71 = l/2~ 
and they are not close each to others. Each of the nucleon bands n — 1 and n = 2 contains two resonances, while A* 
resonances correspond to the three bands including n = 3. 

The orbital configuration (IS1/2) 2 (nP^/2) with n = 1 yields three N* resonances 3/2~(1520), 5/2~(1675) and 
3/2~(1700), the first of which is less than other two states in accordance with our prediction. The band with n = 2 
yields next group of the D-wave Nucleon resonances 3/2^(1860), 3/2~(2080) and 5/2~(2200). 

In the Delta sector there are four D-wave resonances, however only two of them A(5/2~)(1930) and A(3/2 _ )(1940) 
are close each to other. Since other D-wave resonances A(3/2~)(1700) and A(5/2~)(2350) are far, then we can predict 
possible new A*(5/2 _ ) (around 1700 MeV) and A*(3/2~) (around 2350 MeV) resonances. 

The F-wave N* resonances AT*(5/2+)(1680), A*(5/2+)(1870) and iV*(7/2+)(1990) belong to the orbital config- 
uration (lS 1/2 ) 2 (nDr o/2 ) with n = 1 together with delta states A* (5/2+)(1905) and A*(7/2+)(1950), while the 
A*(5/2+)(2000) and A* (7/2+)(2390) belong to the n = 2 band. 

We can continue our analysis at higher energies and predict in summary seven new N* resonances with J v = 7/2 ~~ 
(2000 MeV), 9/2+ (2100 - 2300 MeV), 11/2+ (2100 - 2300 MeV), 11/2" (2500-2700 MeV), 13/2" (2500-2700 
MeV), 13/2+ (2600 -2800 MeV), 15/2+ (2600 -2800 MeV) and four A* resonances with J 71 " = 5/2~ (around 1700 
MeV), 3/2" (2350 MeV), ll/2~ (2750 MeV), 13/2+ (2950 MeV). These resonances are expected to be observed 
in current experimental facilities. 

It is clear now that the remaining "missing N* and A* resonances" predicted by the Constituent Quark Models 
must appear in the ttttN strong coupling sector, if they exist. As we have argued above, they will be assigned with 
the orbital configuration (lSi/2)(rUj)i(nlj)2 with two excited valence quarks and a single ground state valence quark. 

Now we can analyze the numerical values within our model in comparison with the experimental data from Ref. 
Q. In Fig|5]and Fig|5]we give the theoretical estimations and experimental data in a convenient diagrammatic way. 
Table 2 contains information about orbital configurations for each baryon resonance, as well as separate contributions 
from self-energy and exchange diagrams due-to pion- and color-magnetic gluon fields. As can be seen from the Table 
and figures, the mass spectrum of the Nucleon and A is described reasonably well in the relativistic chiral quark 
model with a single free parameter of the confining potential. 

For the test of the results we can check the consistence of our results with the results of the Cloudy Bag Model 
[l6|. The pion exchange diagrams contribute about 144 MeV to the energy difference between W(939) and A(1232), 
while the gluon exchange forces yield 64 MeV for the strong coupling constant value a s = 0.65. The value a s — 1.51 
increases the gluon field contribution up to 149 MeV, which is consistent with the CBM results. However, as one can 
see from the Table, this way strongly moves down almost all the baryon states including A(939) and A(1232). 

The next important observation is that one needs an additional exchange mechanism for the lowering both 
the ground state N(939), Roper resonance A r (1440) and A*(1900)(3/2+) almost by the same amount. On the 
other hand, four of the radially excited nucleon resonances: N* (1710) (1/2+) , AT* (1880) (1/2+) , iV*(1720)(3/2+) and 
A r *(2100)(l/2+) are inside the corresponding error boxes. 

The close situation is in the A sector. A state A(1750)l/2+ is described well, while other three radially excited 
resonances together with A(1212) (slightly) are overestimated. 

Contrary, the orbitally excited N* resonances are mostly underestimated. The situation in the A* sector is different. 
The orbitally excited A* states corresponding to the lowest radial quanta n = 1 are underestimated, while negative 
parity A states corresponding to the radial quantum number n=2 are consistent with the experimental data. 

It is relevant to compare the obtained estimations for the excited N* an d A* spectrum with the results of the 
relativized Constituent Quark Model 0. A comparison of the results presented in the FigJ5]and Fig|H]with the results 



12 



presented in Fig. 9 and Fig. 10 of above mentioned work indicates that the two methods describe the excited baryon 
spectrum at the same level. However, the present model does not have any fitting parameters, and , additionally, 
unlike CQM, it does not predict many missing nonobserved states. 

The analysis shows that one needs an additional exchange mechanism between valence quarks to reproduce the 
whole SU(2) baryon spectrum. The new exchange forces must depend on the spin and flavor of valence quarks as 
well as on the quantum numbers of the baryon state. Of course, large part of the interaction comes from two-pion 
exchange mechanism. 
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FIG. 5: Spectrum of the Nucleon states. Theoretical estimations (solid lines) in comparison with experimental data (boxes) 
from Ref.lgl 



IV. CONCLUSIONS 



In summary, we have derived selection rules for the excited baryon state, assuming that it's orbital configuration 
is of the form (lS) 2 (nlj) with two valence quarks in the ground state and a single excited quark. These selection 
rules were derived on the basis of the one-pion exchange mechanism between valence quarks in the frame of the 
rclativistic chiral quark model. An important consequence of the obtained selection rules is that all the N* and A* 
resonances appearing in the ttN scattering process and strongly coupling to the 7riV channel are identified with the 
orbital configurations (lS , 1 / 2 ) 2 (^'j)- Baryon resonances corresponding to the orbital configuration with two valence 
quarks in excited states couple strongly to the 7T7riV-channel, but not to the irN channel. 
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FIG. 6: Spectrum of the Delta states (notations are the same as in Figj5] ) 



Based on obtained selection rules, we have constructed a schematic periodic table and calculate the energy spectrum 
of the excited N* and A* baryons within the field-theoretical framework including one-pion and one-gluon loop 
corrections. The obtained numerical estimations for the energy positions of baryon resonances (up to and including 
F-wave) yield an overall good description of the experimental data. However, Nucleon ground state and some of 
the radially excited baryon resonances (including Roper) are overestimated. Contrary, all the orbitally excited ./V* 
and a number of the A* resonances are underestimated. At the same time, the remaining Nucleon and Delta states 
including A(1232) are well reproduced. 

The important observation is that one needs an additional exchange mechanism for the lowering both the ground 
state iV(939) and Roper resonance iV(1440) almost by the same amount. This fact indicate that the "lowering 
mechanism" for the both N(939) and Roper resonance 7V*(1440)(l/2 + ) should be the same, since these states have 
identical quantum numbers except the radial quantum number. Of course, the two-pion exchange forces are expected 
to contribute essentially to the excited baryon spectrum. 

A comparison of the obtained results with the results of the relativized Constituent Quark Model indicates that 
they describe the excited baryon spectrum at the same level. This level of description in our model was achieved 
without any fitting parameters. Moreover, unlike CQM, our model does not yield many nonobserved resonances at the 
lower excitation spectrum. The only A(5/2~) resonance is expected to be observed at energy scale around 1600-1800 
MeV. 

At higher energies, where the experimental data are poor, we can extend our model schematically and predict seven 
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new N* and four A* states with larger spin values. Of course, the number of "missing resonances" in our model is 
strongly suppressed due-to restriction of the configuration space to the orbits (lSi/2) 2 (nlj). However, as we have 
shown above, at lower energies this construction works reasonably well. 
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TABLE I: The mass value of the g.s. micleon in MeV with and without center of mass (CM) correction 
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TABLE II: Estimations for the energy values of the N* and A* resonances in MeV 
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